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Abstract
In deserts, dunes are common aeolian landforms, and parallel ridges are common in culti-
vated land. A computational fluid dynamics (CFD) model is used to simulate a stable wind
blowing over slope beds of varying height and coupled with the slope-compensating fluid
threshold friction velocity formula. The model accurately reproduced patterns of flow decel-
eration at the slope toe and stoss flow acceleration. Based on the CFD-based model, quanti-
tative analyses of slope gradient and particle position on the initiation of particle movement
are performed. Results indicate that the slope has a great influence on particle saltation in
the windward slope, and the initiation of particle movement is particularly sensitive to
particle position with respect to the slope. Copyright © 2008 John Wiley & Sons, Ltd.
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Introduction

Aeolian particle transport has a range of impacts including substantial damage to transportation, communication,
foundation facilities and degradation of environmental air quality. Aeolian processes also play a major role in land-
scape formation through the movement of sand dunes, soil and dust uplift, and soil deposition (Raupach and Lu,
2004). Economic and environmental aeolian impacts have motivated research into particle transport mechanisms in
order to prevent or mitigate these hazards (Greeley and Iversen, 1985; Shao, 2000; Zhou et al., 2002; Zheng
et al., 2004, 2005, 2006). The prediction of a fluid threshold friction velocity, which is defined as the minimum
friction velocity required for the aerodynamic forces to overcome the retarding forces, is considered to be a key
variable to the understanding of wind-blown sand transport and soil-erosion (Greeley and Iversen, 1985; Iversen and
Rasmussen, 1994; Shao, 2000; Raupach and Lu, 2004). Considerable research has been conducted on fluid threshold
friction velocity through theoretical analysis, wind-tunnel experiments and field investigations (Bagnold, 1941; Gillette,
1980; Phillips, 1980, 1984; Greeley and Iverson, 1985; Shao and Lu, 2000).

Several theoretical expressions for fluid threshold friction velocity have been derived for soils with uniform and
spherical particles spread loosely over an ideal slope. Slope is an important factor that has to be considered in the
study of particle entrainment processes, due to the commonly encountered complexities of desert surfaces, including
surface ripples and several forms of dunes. Windward and leeward slopes of the dune may be several metres to
hundreds of metres in length with observable effects on wind velocity and initiation of particle movement. Ridges are
common in cultivated lands and are often used to control erosion by increasing the shelter angle (Potter et al., 1990).
Howard (1977) has theoretically analysed the effects of slope on threshold velocity. Based on the rolling model,
Iversen and Rasmussen (1994) attempted to include an interparticle force term in the expression for the effect of slope
on static threshold, assuming that the fluid threshold friction velocity is related to the diameter of particles, and is also
closely related to the slope. If the influence of interparticle cohesive force and the effects of Reynolds number
variation are neglected, the ratio of threshold on a sloping surface to that on a level surface is (Howard, 1977; Allen,
1982; Dyer, 1986; Sarre, 1987; Iversen and Rasmussen, 1994):
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where u*t (m s−1) is the local fluid threshold friction velocity (LFTFV) on the slope, u*t0 is the fluid threshold friction
velocity on the level surface, the angle θ is the slope, the angle α is the static friction angle and its value is usually
taken as Iversen and Rasmussen’s experimental results (Iversen and Rasmussen, 1994). Formula (1) presents the local
fluid threshold friction velocity of wind for the initiation of particle movement on slopes with the angle θ. The
so-called local threshold friction velocity in this paper means that a particle at a given position on a specific slope will
move when the wind velocity at the position attains the force necessary to overcome the static forces. The local
fluid threshold friction velocity is different from the fluid threshold friction velocity of upstream air flow, because the
wind velocity decelerates at the dune toe and flow accelerates at the windward slope. (Frank and Kocurek, 1996;
Lancaster et al., 1996; Wiggs et al., 1996; McKenna Neuman et al., 2000; Parsons et al., 2004a).

Utilizing ANSYS software, we simulated the distribution of wind speeds for a stable wind blowing over slopes. We
used these wind-speed distributions to quantitatively analyse the effects of slope as well as particle position on the
initiation of particle movement. The results show that besides slope, the slope position also has a great influence on
the initiation of particle movement on the bed surface and the threshold friction velocity of the stable upstream air
flow decreases as the slope position approaches the crest for a given slope.

The Effect of Slope Angle on the Threshold Friction Velocity

With Equation (1) we can predict the local fluid threshold friction velocity based on different slope angles. To compare
the predicted results with experimental results (Iversen and Rasmussen, 1994), the diameter of sand particles is taken as
d = 0·242 mm. The function curve f(θ) between the threshold friction velocity and the slope angle θ is shown in Figure 1.
It can be seen from Figure 1 that the predicted results agree well with the experimental observations (Iversen and Rasmussen,
1994) and the threshold friction velocity for particles (of a given diameter) increases with increasing slope angles of θ.

Describing the threshold velocity for a given particle diameter d on slope θ is the first step of the process. To obtain
the threshold velocity corresponding to particles at different positions on the slope, we must analyse the distribution of
wind speeds for a stable wind blowing over the slope.

Simulation of Airflow over a Slope

The K − ε turbulence model
A commercial computational fluid dynamics (CFD) code, ANSYS, was used in this study. The turbulent flow was
simulated with the Navier–Stokes Equation and the K − ε turbulence model.

Figure 1. Threshold friction velocity versus bed slope angle.
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The conservation equations of mass and momentum of the Reynolds-averaged Navier–Stokes Equation are:
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where μ is the molecular viscosity, Ui the mean velocity, τij the specific Reynolds stress tensor, ρ the air density, and
P is the mean static pressure.

The K − ε model was derived from a theoretical approach simplified to a new form to better serve computational
economy, range of applicability and physical realism (Harlow and Nakayama, 1968; Hanjalic and Launder, 1972;
Launder et al., 1972; Yakhot and Smith, 1992). The conservation equations for the turbulence kinetic energy K and its
dissipation rate ε are:
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where K is turbulence kinetic energy, ε is the dissipation rate of turbulent kinetic energy, ν is the kinetic molecular
viscosity, and νT is the kinetic eddy viscosity and can be computed as:

νT = CμK2/ε (6)

Based on Boussinesq’s assumption, the Reynolds stress tensor can be computed as:

τ νij T
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The closure coefficients for the K − ε model are: Cμ = 0·09, Cε1 = 1·44, Cε2 = 1·92, σk = 1·0, σε = 1·3. These constants
were not optimized in this study and are the original constants proposed by Launder et al. (1972).

According to the characteristics of the idealized transverse dune and data of Parsons et al. (2004b), this paper establishes
triangular physical models from Table I and uses the FLUID141 software module to perform two-dimensional analysis.

Boundary conditions
In order to compare with the results of Parsons et al. (2004a) the first model run was conducted to determine an incoming
velocity profile that produced a logarithmic distribution profile closely matching that produced by Parsons et al. Subse-
quent model runs were conducted in order to also determine incoming velocity profiles for the logarithmic profile.

The fluid is assumed to be incompressible and pressure is considered to be a relative value. At the outlet profile, the
pressure is fixed at zero for all cells and calculated pressures in the domain are defined relative to this. The ‘non-slip

Table I. Geometric properties of models 1– 4

Model Dune Stoss base Stoss angle Lee base Lee slope
number height h (m) length L (m) (degrees) length L (m) angle (degrees)

1 0·08 0·56 8·13 0·1280 32·0
2 0·04 0·56 4·09 0·064 32·0
3 0·12 0·56 12·10 0·1920 32·0
4 0·16 0·56 15·95 0·2561 32·0
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condition’ was applied in the fluid–solid interface. The K − ε model, which calculates the turbulent kinetic energy k
and its rate of dissipation ε based on the assumption that the flow is fully turbulent, is used. The effects of molecular
viscosity are negligible and the standard wall function was provided near the boundary.

Model validation
By means of ANSYS software, a commercially available CFD software package, the distribution of wind speed when
a stable wind blowing over an idealized transverse dune is simulated using a friction velocity for upstream wind of
0·52 m s−1. To verify our simulations we compare our simulated results with corresponding results of Parsons et al.
(2004a) and other related results. Figures 2 and 3 show streamwise velocity U (m s−1) and vertical velocity V (m s−1),
respectively, around the dune predicted by this paper and that predicted by Parsons et al. (2004a). The horizontal axis
is along the ground and the vertical axis is the height. The origin of coordinate is the intersection point between the
vertical line and the hemline of dune.

From Figures 2 and 3 it can be seen that the results for this paper and those by Parsons et al. conform well
qualitatively, although different units, grids and calculation domains are used in the two simulations. For example,
both simulations by this paper and by Parsons et al. (2004a) show that the wind velocity decreases at the toe of dune

Figure 2. The contour plots of streamwise velocity (U: m s−1) calculated for two different dune geometry scenarios (dune
geometry 1 and 2 in Table I). (a) The simulation in this paper for dune geometry 1. (b) The simulation of Parsons et al. (2004a) for
dune geometry 1. (c) The simulation in this paper for dune geometry 2. (d) The simulation of Parsons et al. (2004a) for dune
geometry 2. This figure is available in colour online at www.interscience.wiley.com/journal/espl
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Figure 3. The contour plots of vertical velocity V (m s−1) calculated for two different dune geometry scenarios (dune geometry 1
and 2 in Table I). (a) The simulation in this paper for dune geometry 1. (b) The simulation of Parsons et al. (2004a) for dune
geometry 1. (c) The simulation in this paper for dune geometry 2. (d) The simulation of Parsons et al. (2004a) for dune geometry
2. This figure is available in colour online at www.interscience.wiley.com/journal/espl

because of adverse pressure gradient, increases at the windward slope and reach a maximum value at the crest. These
results also correspond to results in other previous investigations (Jackson and Hunt, 1975; Lancaster et al., 1996;
McKenna Neuman et al., 1997; Walker and Nickling, 2002; Wiggs et al., 1996). It can be seen from Figures 2 and 3
that it is essential to consider the slope position when establishing the upstream threshold friction velocity formula.
The flow reattachment means that the velocity profile along the height resumes a matching logarithmic distribution
profile and vertical velocity is close to zero. Figure 3 shows that the point of wind flow recovery for dune geometry 1
is about 26 h and for dune geometry 2 it is about 31 h. This corresponds well with measurements of 25–30 h by
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Figure 4. The distribution of wind speed vectors for a stable wind blowing over a dune slope. This figure is available in colour
online at www.interscience.wiley.com/journal/espl

Walker and Nickling (2003) and qualitatively conform with the results of Parsons et al. (2004a). Therefore, the
simulations in this paper are effective.

Figure 4 presents the distribution of wind speed vectors produced by the simulations of this paper. It clearly depicts
the separation of flow at the crest. That is, the wind velocity varies greatly on the slope as it accelerates from the toe
of the slope and attains a maximum value at the top of slope then decreases on the leeward slope.

Effects of slope and particle position on upstream threshold friction velocity
From Equation (1) it can be seen that the local threshold friction velocity is closely related to slope. Further, the wind
velocity varies greatly along the slope when a given upstream wind velocity is blowing over it. Therefore different
upstream wind velocities are required to initiate particle movement at different slopes and slope positions. In this
section, we first obtain the local threshold friction velocity upwind of an idealized transverse dune with a specific
foreslope by Equation (1). Then we calculate the upstream threshold wind friction velocity for a given slope position.
We thus determine the upstream wind friction velocity with which the wind velocity at this given position of the slope
will attain the local threshold friction velocity by applying the wind velocity simulations discussed previously.

To characterize the position of the particle on the slope (slope position), the value of coordinate x, and the vertical
height of the particle above the dune toe expressed by (x, x tan θ) are used in Figure 5.

To clearly denote the variation of wind velocity along the slope, we present the numerically derived wind velocity
0·05 m above the bed as a function of slope position when the friction velocity of upstream wind is 0·15 m s−1. It can
be seen from Figure 6 that the wind velocity varies greatly and consistently increases from the toe to the crest of the
slope. The wind velocity is minimum at the toe of the slope and maximum at the crest of the slope. For example, the
wind velocity near the toe of the slope (x = 0·1 m) is only 4·4 m s−1, but at a higher position of the slope the wind
velocity is 5·7 m s−1 when x = 0·5 m. This represents a 29% increase. If the friction velocity of the stable upstream
air flow slightly exceeds the local threshold velocity for particles at the top of the slope, the wind velocity at the foot
of the slope will most probably be below the threshold velocity. These results agree well with previous research
(Frank and Kocurek, 1996; Lancaster et al., 1996; Wiggs et al., 1996; McKenna Neuman et al., 2000; Parsons et al.,
2004a,b).

Figure 7 presents the relationship between slope position and upstream threshold friction velocity of the stable
upstream air flow, where the particle diameter is 0·1 mm and the dune heights are 0·08, 0·12 and 0·16 m, respectively.
For the 0·08 m dune, the upstream threshold friction velocity of the stable upstream air flow needed for the initiation
of particle movement at the toe of slope is 0·18 m s−1 where x = 0·05 m. Threshold friction velocity is only 0·15 m s−1

where x = 0·35 m, a decrease of 16% compared with toe of the slope. Similarly, given the same particle diameter
and the 0·12 m dune, the upstream threshold friction velocity is 0·20 m s−1 at the toe of slope where x = 0·05 m, but for
particles at the crest of slope (x = 0·35 m), the upstream threshold friction velocity is only 0·15 m s−1, a 23% decrease.
Again, given the same particle diameter and the 0·16 m dune, the upstream threshold friction velocity is 0·22 m s−1 at
the toe of slope where x = 0·05 m, but for particles at the crest of the slope (x = 0·35 m), the threshold friction velocity
is only 0·16 m s−1, a 28% decrease. When the particle diameter is 0·2 mm, it can also be seen from Figure 7 that the
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Figure 5. The coordinates to characterize the position of a particle on a fixed slope θ. To characterize the position of the
particle on the slope, the value of coordinate x, and the vertical height (h) of the particle above the dune toe expressed by (x,
x tan θ) are required.

Figure 6. The wind velocity 0·05 m above the bed versus slope position.

upstream threshold friction velocity decreases rapidly along the slope. These results demonstrate that the upstream
threshold friction velocity decreases rapidly along the slope, and therefore, particle movement will begin at the crest
or near the top of a slope before movement is observed at the toe of the slope. Sand movement is not easy to initiate
at the toe of the slope, whereas the particles near or at the crest of a slope are readily set into motion. These results
indicate that it is necessary to consider the particle position in calculation of fluid threshold friction velocity on the
stoss slope.

From Figure 7 it can be seen that when the value of x is 0·05 m and particle diameter is 0·1 mm, the upstream
threshold friction velocities are 0·18, 0·20 and 0·22 m s−1 for the 0·08 m, 0·12 m and 0·16 m dunes, respectively. This
represents a reasonably linear increase of threshold friction velocity at a given height above the slope toe with
increasing dune height.



The effects of slope and slope position 1821

Copyright © 2008 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 33, 1814–1823 (2008)
DOI: 10.1002/esp

Figure 7. Upstream threshold friction velocity versus slope position for 0·1 mm and 0·2 mm diameter particles.

Figure 8. Upstream threshold friction velocity versus particle diameter for 0·12 m and 0·16 m dunes.

The six curves in Figure 8 present the relationship between the upstream threshold friction velocity and the particle
diameters for particles at slope positions of x = 0·05, 0·20 and 0·35 m for the 0·12 m and 0·16 m dunes, respectively.
When the height of the dune is 0·12 m, the upstream threshold friction velocity of the upstream air flow is 0·1992 m s−1

for the particles at the toe of the slope (x = 0·05 m), with particle diameter of 0·1 mm the upstream threshold friction
velocity is 0·3413 m s−1 for the 0·30 mm diameter particles at same the value of x, a 71·34% increase. Near the crest of
the slope (x = 0·35 m), the upstream threshold friction velocity of the upstream air flow is only 0·1529 m s−1 for the
0·1 mm particles and 0·262 m s−1 for the 0·3 mm diameter particles at same the value of x, a 71·35% increase. These
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results indicate that the upstream threshold friction velocity increases rapidly with the particle diameter for particles at
the same slope position and strongly resembles findings for a flat surface.

Figure 8 also shows that the upstream threshold friction velocity is 0·1992, 0·172 and 0·1529 m s−1 when x = 0·05,
0·20 and 0·35 m, respectively, for particles of 0·1 mm diameter and 0·12 m dunes. For 0·3 mm diameter particles the
upstream threshold friction velocity at the toe of slope (x = 0·05 m) is 0·3413 m s−1, whereas at the crest of the slope
(x = 0·35 m), the upstream threshold friction velocity is only 0·262 m s−1, and 0·2939 m s−1 at x = 0·20 m. Similarly,
when the influence of particle diameters and slope position on the upstream friction velocity necessary to initiate
movement on these height dunes can clearly be seen for 0·16 m dune. These data demonstrate well that the upstream
threshold friction velocity for particles on a given particle diameter increases with increasing the value of the slope
position x.

Conclusions

Using formula (1) to predict the local fluid threshold friction velocity (LFTFV) to initiate particle movement on
sloping beds, our calculated results show that the LFTFV of the particle movement increases with increasing slope
angle. These results agree favourably with experimental results (Iversen and Rasmussen, 1994) for particles on a
slope. We also simulated the distribution of wind speeds resulting when a stable air flow blows over an idealized
transverse dune by means of ANSYS software. Based on the numerical results of the distributions of wind speed on
the slope, the effects of slope position and particle diameter on the upstream friction velocities necessary to initiate
particle movement are quantitatively analysed. The results show that the slope position has a great influence on the
initiation of particle movement on the bed surface and the threshold friction velocity of the stable upstream air flow
decreases as the slope position approaches the crest. Therefore, the effects of both slope angle and particle position
have to be taken into consideration when calculating the upstream friction velocity necessary to initiate particle
movement on a slope. The upstream threshold friction velocity increases rapidly with the particle diameter at the same
slope position and strongly resembles findings for a flat surface.
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